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INTRODUCTION
The development of the zircon (U-Th)/He thermochronometer allows constraint of cooling histories over a time-temperature range that is difficult to resolve using existing techniques. With a closure temperature of ~180-200ºC (Reiners et al., 2004) , zircon (U-Th)/He dating has potential applications in constraining shallow-and midcrustal cooling events from a wide range of geological settings.
Helium loss from zircon is governed by two processes: thermally-activated volume diffusion, and the ejection of 4 He, caused by the high kinetic energy of α-particles produced by 238 U-, 235 U-and 232 Th-decay. These α-particles move 10-20µm through the crystal lattice, and a proportion of those generated in the outermost regions of the crystal are lost from subsequent measurement (Farley et al., 1996) .
For rapidly cooled samples, diffusive loss can be considered to be negligible, and all
He loss is though α-ejection. When a crystal has a homogeneous distribution of U and Th, the proportion of He lost by α-ejection can be calculated using the empirical relationship between fractional retention and the surface area-to-volume ratio of the crystal (Farley et al., 1996; Hourigan et al., 2005) . However, strong zonation of U and Th is common in zircon and can change the fractional loss of He due to α-ejection (Hourigan et al., 2005; Tagami et al., 2003) . Modelling of simple zonation profiles has shown that errors of up to 30% can be introduced into the ejection corrected He age if zonation is not considered (Hourigan et al., 2005) .
(U-Th)/He ages of apatite and zircon are usually reported relative to a mineral age standard. The accuracy of unknown ages is determined from the 2σ uncertainty on the average age of numerous determinations on a standard (Farley, 2002) . Analysis of mineral age standards also provides a relatively simple way of assessing the integrity of a laboratory's procedures. Age standards are typically derived from rapidly-cooled rocks in order to minimise complexities introduced by diffusive loss of noble gas daughter isotopes (i.e. 4 He and 40 Ar) . Zircon from the Fish Canyon Tuff (FCT) is the only widely-used standard for zircon (U-Th)/He thermochronometry (Reiners, 2005) .
FCT zircons are typically less than 250 µm long and less than 150µm wide and so whole crystals are required for (U-Th)/He analysis. Substantial (typically up to 30%) α-ejection corrections are therefore required. The average ejection-corrected zircon (U-Th)/He age from all laboratories routinely performing analyses (28.3 ± 3.1 Ma, Fig. 1 ) is within the uncertainty of ages obtained by other techniques, but the He age reproducibility is ± 10.9 % (2σ, n = 127), significantly beyond typical analytical uncertainties.
Significant U and Th zonation has been observed in FCT zircons (e.g. Schmitz and Bowring, 2001 ) and it has been suggested that this may cause the poor He age reproducibility (Reiners et al., 2002) . Understanding the effects of U and Th zonation on α-ejection in FCT zircon is crucial for accurate interpretation of all zircon (UTh)/He data. Here we demonstrate that U and Th zonation in FCT zircon correlates strongly with CL emission intensity, thereby allowing the effect of zonation on α-ejection, and on the FCT (U-Th)/He age population to be quantified.
CATHODOLUMINESCENCE (CL) ZONATION IN FCT ZIRCONS

CL zonation patterns in FCT zircon
Zircons are commonly divided into "blue" and "yellow" groups based on broad-band CL emission peaks centred at ~360 nm and ~560 nm respectively (Remond et al., 1992; Kempe et al., 2000; Nasdala et al., 2003) . Narrow-band CL emission, often associated with rare earth element (REE) 3 + centres, is superimposed upon this underlying broad-band signal. Specific luminescence centres can be identified from the wavelength of narrow-band emission peaks (Edwards et al., 2007; Ewing et al., 2003; Nasdala et al., 2003) , but the origin of the broad-band CL and the mechanisms controlling intensity remain poorly understood (Kempe et al., 2000; Ewing et al., 2003; Nasdala et al., 2003) . However, correlations between areas of high density radiation damage and areas of low CL intensity are widely reported (Ewing et al., 2003; Hanchar and Miller, 1993; Nasdala et al., 2003) . α-decay of U and Th is the dominant source of lattice damage in zircon (Ewing et al., 2003) , and the reported correlation implies that while U and Th are not directly involved with CL generation, U and Th zonation will control the density of radiation damage, and may therefore affect the quenching of the CL.
Low magnification inspection of FCT zircons using an optical microscope mounted CL system (CITL Technosyn 8200 Mk 4) indicate that they exhibit strong blue broadband CL emission, and the majority of crystals show blue luminescent cores mantled by greener rims (Dobson, 2006) . High-magnification panchromatic CL images of FCT zircons were obtained from a polished grain mount using a K.E. Developments
Centaurus CL detector mounted on a Quanta FEI 200F Environmental Scanning Electron Microscope.
Primary magmatic concentric zonation patterns have previously been observed in BSE images of FCT zircons (Lamphere and Baadsgaard, 2001; Reiners et al., 2002) .
To avoid potential bias caused by the geometry of concentric zonation, and to ensure accurate determination of the position of zone boundaries, zonation characterisation was only performed on complete crystals sectioned parallel to the c-axis.
Panchromatic images of over 400 c-axis parallel crystals were obtained under constant instrumental operating and image capture conditions, and were used to assess the zonation styles within the crystal population.
A wide variety of CL zonation was observed, and crystals showing broadly similar zonation patterns still exhibit substantial inter-crystalline variation in CL intensity (Fig. 2 , Table 1 ). The majority of crystals (86%) exhibited broadly concentric oscillatory zonation, but substantial variation in zone width, and relative intensity changes between adjacent zones was observed. These crystals can be subdivided by zonation style into two types. Type 1 zircons have a relatively large core of low CL intensity, typically 40-70% crystal width. This is mantled by a rim of moderate-tohigh CL intensity that contains a number of zones with low CL intensity (Fig. 2a) .
The width, and rim relative position of the low CL intensity zones varies between crystals, but all crystals exhibit a relatively small, generally bimodal range of CL intensities. Type 2 zircons also have large cores and exhibit generally bimodal CL intensities. However, they generally have less extreme CL intensities than Type 1 zonation ( Fig. 2b) , and the low-to-moderate CL cores are surrounded by rims of moderate-to-high CL intensity that contain a few, narrow (<5 µm) zones of much lower CL intensity.
The remaining 12% of the c-axis parallel population show a variety of different zonation styles. Type 3 (6%) zircons have Type 1 or Type 2 zonation that is influenced by fluid or mineral inclusions (Fig. 2c) . The large inclusions found in Type 3 crystals are visible at picking magnification (up to 500x). Inclusions can contain significant volumes on non-lattice generated He, and although this usually has minimal affect on zircon (U-Th)/He ages, Type 3 crystals would not be routinely selected for (U-Th)/He analysis. Type 4 and Type 5 crystals have simple zonation that can be approximated as a step function. Type 4 crystals have a moderate-low intensity core mantled by a moderate-high intensity rim (Fig. 2d) , while Type 5 exhibit a similar range of CL intensities, but the cores have higher CL intensity than the rims (Fig. 2e ). Only 2% of the crystal population exhibited approximately homogenous CL intensity (Type 6; Fig. 2f ).
The bi-alkali tube of the Centaurus CL detector is sensitive to wavelengths in the range 300-650nm, peaking in the blue spectrum. The wavelength limitations and peak sensitivity of the CL detector will affect the images produced, but the net CL signal used to generate panchromatic images is dominated by the broad-band emission (Kempe et al., 2000; Nasdala et al., 2003) . Bias introduced by the non-linear response of the detector is therefore thought to be limited given the dominance of blue CL emission observed on the optical microscope CL system.
CL intensities for all zonation styles were quantified by translating the panchromatic images into greyscale colour space. The quantification of the panchromatic images can also be effected by a number of phenomena relating to the image capture conditions. High CL intensities may lead to saturation of the panchromatic image, whereas low CL emission may be below the detection threshold. Optimal image capture conditions were selected to maximise the range of greyscale values in the panchromatic image, and to minimise saturation. While good rendition of greyscale variations at both ends of the intensity scale was generally achieved under the optimal configuration, high CL zones in a few crystals showed very little greyscale variation, which suggests possible saturation. It is also possible that some variation at very low light intensities was overlooked. The optimisation of the image capture conditions does not change the inherent nonlinearity of the CL detector, and some bias towards enhanced emission intensity at wavelengths close to peak detection sensitivity is inevitable.
Correlation of CL intensity with U-Th distribution
The distribution of U and Th in the FCT zircons was measured using a Cameca ims 4f
Ion Microprobe, with a 5-7µm pit diameter. Cycles of 10 measurements were made using an energy window of 40 eV and an energy offset of 75 V (Wiedenbeck et al., 2004) . U and Th concentrations were calculated using the NIST SRM 610 standard glass with U = 461 ppm and Th = 458 ppm. U, Th and a range of trace elements (Y, Ce, Dy, Yb, Hf) were measured at 15 spots (Table 2) (Table 3 ).
The concentration of U and Th in all crystals follows the zonation in CL, with U and Th concentrations increasing with decreasing CL intensity. The traverse records large changes in U and Th concentration between adjacent spots (Fig. 3, Table 3 ), which suggests that the spatial resolution of the ion beam (5-7 µm) is sufficient to prevent excessive interference from multiple zones at any site. The precise location and width of the zone boundary is beyond the 5-7 µm spatial resolution of the ion beam, but the CL images show that most zone boundaries are non-gradational concentration step functions.
The inter-and intra-crystalline correlation between CL intensity and U and Th concentration across the full range of CL emission intensities is shown in Fig. 4 . The elemental concentration of U and Th can be related to the α-radiation damage density using the effective U concentration (eU), which incorporates the different alpha Tables 2 and 3 ), but correlations between CL intensity and the trace element concentrations are generally less well defined than with eU. This is consistent with panchromatic images dominated by broad-band CL emission (Kempe et al., 2000) .
Dy is a major controls of narrow-band CL generation in zircon (Corfu et al., 2003; Ewing et al., 2003; Nasdala et al., 2003) , and the interplay between narrow-band CL generation at Dy centres and a radiation controlled quenching processes can be illustrated in the form of Dy/eU. A positive correlation between net CL intensity and Dy/eU exists in the FCT zircons (Fig. 5) , but further spectral analysis and compositional data is required before this relationship can be correctly interpreted.
Studies using doped and synthetic crystals to investigate CL in zircon suggest that multiple mechanisms control the generation and quenching of the CL signal (Ewing et al., 2003; Nasdala et al., 2003) . However, the correlation shown here may indicate that in natural, relatively young samples the amount of radiation damage, as indicated by the eU concentration, may be a dominant factor in controlling the net emission intensity. Analyses of a broader set of samples is required before this can be corroborated.
Scatter on the correlation between eU and CL intensity may be caused by the spatial resolution of the ion beam. In some instances, two or more zones may have been sampled in a single analysis; as illustrated by the two spot analyses (Table 2) performed on sites where the beam is known to interact with an area of moderate CL intensity, cut by a narrow (<2 µm) zone of low CL intensity. These sites have eU concentrations higher than predicted from the average CL intensity of the site.
However, they are consistent with the large contribution to the total signal that comes from the relatively small volume low CL (high eU) zone. Scatter may also be caused by the different crystal volume involved with the generation of the CL signal and that sampled by the ion-beam. Despite this, the correlation between eU and net CL intensity means that, at least for zircons from the FCT, CL zonation can be used as a first order, semi-quantitative approximation of U and Th zonation within a population.
Detailed quantitative mapping and accurate characterisation of U and Th zonation in individual zircons is not routinely performed prior to (U-Th)/He analysis (Farley, 2002; Reiners 2005) . This is because complete, undamaged crystals are used for (UTh)/He analysis. The preparation of polished sections required for most quantitative techniques, and damage caused by analysis prevents individual crystals from being dated by (U-Th)/He after U and Th zonation has been quantitatively assessed. It is possible to assess U zonation in a sample using variation in fission track densities.
However, this technique is insensitive on the small length scales (<10µm) required to resolve zone boundaries, and to small absolute concentration changes across zone boundaries. Assessing U and Th distributions in a crystal population using the CL proxy therefore offers improved understanding of zonation within a crystal population, and provides a population based method for assessing the effect of U-Th zonation on any individual (U-Th)/He analysis.
DISCUSSION
For zircons with a homogeneous U and Th distribution the proportion of He lost by α-ejection is calculated using an empirical relationship between fractional retention (F T ) and the surface area-to-volume ratio (β) of the crystal:
where a and b are constants that incorporate the density of the mineral and the energy of the decay (Farley et al., 1996; Hourigan et al., 2005) . For tetragonal zircon crystals with two pyramidal terminations a = -4.281 b = 4.372 for 238 U, and a = -4.869 and b = 5.605 for 235 U and 232 Th (Hourigan et al., 2005) .
Variable U and Th zonation in FCT zircons will cause dispersion in the measured (UTh)/He ages, as each crystal will have lost a different fraction of He through α-ejection. This age dispersion will be maintained, or even compounded, by assuming homogeneity when calculating the α-ejection correction. The geometry and zonation specific ejection corrections (F Z ) for each of the zonation types can be calculated using the model developed by Hourigan et al., (2005) . The error introduced by applying a homogenous F T correction can be quantified using the concept of age bias, which has been defined by Hourigan et al (2005) as:
where F T and F Z are calculated for the same crystal geometry.
Twenty five CL intensity profiles (Fig. 1a . Electronic Appendix 1) were measured across typical examples of each of the zonation styles (except Type 3). Although limited to 25 profiles by computational constraints, effort was made to ensure that the chosen profiles represented the wider population, and 20 profiles of Type 1 and Type 2 crystals were selected at random from the entire Type 1 and Type 2 population.
This included two profiles of Type 2 crystals where the low CL zones in the crystal rim were too narrow and numerous to measure accurately. In this case the average CL intensity across the rim was used (Profiles 13 & 14, Fig. EA1a ). To assess the age bias introduced by Type 4 and Type 5 crystals, profiles were measured on the crystals with the minimum and maximum CL intensity change, and the widest and narrowest rim thickness. It should be noted that more extreme zonation may exist in a larger crystal population. Type 6 crystals were not modelled as they have a zero age bias.
The width of each zone was measured from core-to-rim along the c-axis of the crystal.
All zonation types are seen in all crystal size fractions, and zone widths generally scale with crystal size. FCT crystals selected for (U-Th)/He analysis generally have diameters between 50 and 150µm, and so to identify possible variation in age bias with crystal size, the rim relative positions for each zone boundary were used to scale each zonation profile to three different crystal sizes (XL 1 : width = 50µm, total length = 160µm, termination height = 30µm, XL 2 : width = 100µm, total length = 200µm, termination height = 30µm, and XL 3 : width = 150µm, total length = 250µm, termination height = 50µm).
The scatter in the relationship between CL intensity and eU, U and Th (Fig. 4) complicates the estimation of the U and Th concentration profile. However, as the majority of the crystals show only a limited number of distinct CL intensities, and each zone shows a range of greyscale vales (typically 10-15 greyscale units) a number of CL intensity bins were defined. Each of these intensity bins was assigned an average U and Th concentration using the relationships shown in Fig. 4 , and the simplified concentration profiles constructed. This simplification allows the zonation profiles for any crystal to be easily estimated, but means that U and Th concentrations for any individual zone or CL intensity may be over-or under-estimated, but these effects should largely cancel out. The validity of this simplification can be illustrated by the small differences in the eU (Fig. 6a ) and age biases (Fig. 6b) between the two core-rim profiles constructed from the SIMS traverse (Fig EA1b) and the profiles estimated from the greyscale values. The difference between the age bias of the measured and estimated profiles is less than ± 2.5%, with the largest difference occurring for large crystals. At smaller crystal sizes more zones fall in the region affected by ejection meaning there is a greater averaging effect.
For most of the model zonation profiles the age bias falls between +10% (i.e. F Tcorrected ages are 10% too old) and -5% (i.e. F T -corrected ages are 5% too young) (Fig. 7a) . The profiles generated from the ion probe traverse data have age biases that fall within the range of the profile models (Fig. 6 ). This crystal was selected for detailed analysis because of its broad zones and wide spectrum of CL intensities, and this is reflected in the somewhat extreme age bias at small crystal sizes. The models with Types 4 and 5 zonation have age biases of up to ± 25 % (Fig. 7a) , which may explain the occasional extreme age in the dataset (Fig. 1) .
The modelling highlights the dependence of age bias on crystal size (Fig. 7b) . Larger crystals generally have more negative, and less extreme age bias than smaller crystals.
The width of the zone affected by α-ejection does not change, while the width of the individual zones scales with the crystal dimensions. Therefore the size-related skew on the age bias data is a reflection of the relative volume affected by α-ejection in large crystals, and the increased averaging effect in small crystals where several zones are affected by ejection.
The model profiles were a representative sample of Type 1 and Type 2 zonation, so the range in age bias from the model profiles is assumed to be reflective of the entire population of Type 1 and Type 2 crystals. When coupled to the age biases determined on Type 4 and Type 5 zonation, it is therefore possible to extrapolate the population statistics and assess the effect of F T -correction on a large (U-Th)/He dataset (Fig. 7c) .
Consideration of an extended zonation-type weighted dataset ( Fig. 7c & d, using 100 crystals of each size fraction) suggests that the F T -corrected (U-Th)/He ages will have a mean age bias of +3.6 ± 11.0% (2σ). This implies that the α-ejection corrected dataset slightly over-estimates the true zircon (U-Th)/He age of the FCT by ~ 1 Myr, and the correct age should be 27.5 ± 3.1 Ma. This is still within error of the reported fission track, Ar/Ar and U/Pb ages (Hurford and Hammerschmidt, 1985; Carpéna and Mailhé, 1987; Schmitz and Bowring, 2001; Renne et al., 2004) . Crucially, this work explains why the F T -corrected ages only have a reproducibility of approximately ± 11
%.
This study questions the applicability of FCT zircon as a mineral age standard for (UTh)/He studies. FCT zircons exhibit strong and variable oscillatory CL zonation that corresponds to equally strong and variable U and Th zonation. The age reproducibility of the FCT zircons is therefore not representative of that which would be expected from crystals with sector zonation, narrow, or subtle oscillatory zonation.
The age reproducibility of zircons with more homogenous U and Th distributions, or where the ejection correction is less important is largely untested. However, these samples would better test the limits of the methodology, and perhaps provide a less variable age standard for inter-laboratory correlation. Preliminary zonation studies of zircons from the Tardree Rhyolite (Hourigan et al., 2005; Tagami et al., 2003) and Muck Tuff (Dobson, 2006) show that a consistent α-ejection is applicable, or at least that F Z -correction can be confidently estimated (Dobson, 2006) .
This study highlights the importance of characterising the U and Th distribution in before applying the α-ejection correction or interpreting zircon (U-Th)/He ages. The use of CL images to assess the zonation within a population appears to allow a qualitative assessment of the U and Th zonation in zircon. For some samples this may significantly reduce the scatter in the (U-Th)/He age distribution, and, where CL zonation is dependant on crystal geometry or size, may allow additional crystal selection criteria to be used to optimise the reproducibility of the (U-Th)/He ages.
CONCLUSIONS
Characterisation of the U and Th distribution in zircon crystals used for (U-Th)/He dating is not routinely performed. However, without qualitative and quantitative investigation, the scatter observed in F T -corrected (U-Th)/He ages will remain, the age bias introduced by inaccurate ejection-correction cannot be assessed, net age biases may be overlooked, and data will continue to be discarded because of apparently poor sample reproducibility. We advocate the use of the CL zonation population statistics to estimate the potential distribution of measured (U-Th)/He ages within a zircon population, in an effort to improve our understanding of zircon (UTh)/He datasets. We also suggest that the practice of presenting all (U-Th)/He ages in their F T -corrected form should be reappraised. Modelling techniques and data interpretation of apatite and zircon (U-Th)/He ages no longer require F T -corrected values (Dunai, 2005; Hourigan et al., 2005; Ketcham, 2005; Meesters and Dunai, 2002) , and we suggest that reporting the uncorrected age, and the dimensions or surface area-volume ratio of the crystal would allow greater transparency, and remove the potential error introduced by inaccurate ejection correction. 
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Indistinct core-rim boundary, orientation of the zonation in the cores suggests a xenocrystic origin for these crystals Table 2 . Ion probe U, Th and trace element analyses from FCT zircon. Table 3 . Ion probe U, Th and trace element analyses from a traverse of a FCT zircon (Fig. 3) . showing the location of the traverse and the additional spot analyses (Table 3) . b)
Detailed schematic map of the CL intensity variation along the traverse. c) U, Th and trace element concentrations determined on the ion probe. 
